Musculoskeletal disorders (MSDs) affecting the back, upper and lower extremities are widespread in the general population, implying a variety of causal factors. Multiple causes are not mutually exclusive, and a high background rate does not preclude associations with specific factors that are uncommon in the general population. MSDs have well-documented associations with occupational ergonomic stressors such as repetitive motion, heavy lifting, non-neutral postures, and vibration. Organizational features of the work environment, such as time pressure and low decision latitude, may also play a role, at least by potentiating the effects of physical loading. Numerous systematic reviews have mostly concurred with these overall findings. Nevertheless, some continue to debate whether MSDs are sometimes work-related, even for those performing jobs with repetitive and routinized tasks, heavy lifting, and/or pronounced postural strain. This article discusses (1) some epidemiologic features of MSDs that underlie that debate; and (2) the question of what should appropriately be considered a gold standard for scientific evidence on an etiological question such as the health effects of a non-voluntary exposure, such as an occupational or environmental agent. In particular, randomized clinical trials have little relevance for determining the health effects of non-therapeutic risk factors.
Introduction
Musculoskeletal disorders (MSDs) are conditions affecting the muscles, tendons, nerves, ligaments, joints or spinal discs. Those of interest here exclude the sequelae of systemic disease such as rheumatoid arthritis, as well as those resulting from traumatic incidents such as falls, motor vehicle incidents, and assaults. Thousands of studies have been published that document associations between MSDs of the back, upper and lower extremities and occupational exposures to repetitive motion, heavy lifting, nonneutral postures, vibration, and other physical stressors. No attempt is made here to review that entire literature; instead, this article cites some illustrative examples but primarily highlights selected issues that remain unresolved or controversial in this field.
The earliest research on MSDs in relation to work demands was generally cross-sectional in design and often had other methodologic weaknesses as well. However, especially in the past decade or two, many prospective investigations have been conducted and numerous other studies have addressed methodological concerns, leading to a greater overall quality of the extant evidence.
The work-relatedness of MSDs has been demonstrated in the general population and mixed occupation samples [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The World Health Report 2002, "Reducing risks, promoting healthy life" [12] , estimated the global proportions of disease, disability and death that could be attributed to specific exposures. Specifically regarding low back pain (LBP), the report concluded that 37% worldwide is attributable to the effect of paid employment [13] (including both its physical and psychosocial features), with variability among regions and between the genders.
Other studies have focused on specific occupations with excess risk due to physical and/or psychosocial stressors. These include back disorders in nurses and other healthcare providers [14] [15] [16] [17] and in public transit operators [18, 19] ; neck and upper extremity conditions in clerical and computer workers [20] [21] [22] ; back and upper extremity disorders in manufacturing [23] [24] [25] [26] ; multi-site pain in repetitive industrial work [27] ; shoulder disorders in kitchen workers [28] ; and lower extremity disorders in farmers [29] and floor-laying construction workers [30] . These investigations serve to demonstrate that, regardless of the attributable risk in the general population, some individuals experience substantial risk due to the patterns of physical loading in their work.
There has also been a large number of literature reviews conducted over the past decade, examining the relationship of MSD occurrence to specific occupational factors. The evidence is substantial for the etiologic importance of physical risk factors, such as repetitive motion, forceful manual exertion, non-neutral postures, vibration (whole-body or segmental), and/or time on task [31] [32] [33] [34] [35] [36] [37] [38] . Not all reviewers agree and there are some hypothesized associations with insufficient findings [39] [40] [41] [42] . Somewhat less literature documents a contribution of psychosocial factors such as decision latitude, quantitative job demands, and social support [43] [44] [45] . However, the etiologic (as opposed to modifying) role of psychosocial factors is less well-established [46] and more ambiguous [47] .
examining the weight of this evidence, a number of agencies, such as the american Conference of Governmental Industrial Hygienists [48] , the SaLTSa Joint Programme for Working Life Research in europe [49] , and others, as reviewed by Fallentin et al. [50] , have endorsed the prevention of musculoskeletal disorders through ergonomics guidelines or standards limiting exposure to some of the physical factors cited above.
One example of a broadly framed synthesis, published by the u.S. National Research Council [46] , examined the consistency and "patterns of evidence" for biological plausibility of the association. The report synthesized evidence across multiple disciplines and types of research. MSD epidemiology and field experience with best practices were examined in correspondence with findings from ergonomics, biomechanics, and physiology and tissue "mechanobiology" (controlled studies using animal models, cadavers, or human subjects). The report's conclusions included: Thus, while the literature has not produced identical conclusions on every occupation-outcome or exposure-outcome relationship, the weight of the evidence certainly falls strongly in favor of recognizing the etiological importance of physical ergonomic load and possibly some psychosocial job characteristics as well.
Looking at this substantial body of evidence and numerous official endorsements of public policy actions for prevention, it is striking that there should be strenuous continued discussion about whether or not an etiological relationship exists. Why would the available evidence not be considered sufficient? are there new alternative explanations for these findings? Do the discrepancies among studies, and among literature reviews, represent evidence against workrelatedness? Have there been new studies that conclusively overturn the prior work, such as large cohort studies that showed no association? Phrased another way, why are some uneasy about the idea that an important proportion of MSDs, among exposed populations, is attributable to occupational exposures and thus merits resources for prevention and for compensation?
The rest of this article is divided into two sections. The first addresses some specific epidemiologic features of musculoskeletal disorders and how they affect consideration of whether or not some MSDs are caused by specific job features. The article then continues with an examination of what constitutes "evidence" in public health and, in particular, what should be considered the gold standard for determining a cause-effect relationship, especially for a health outcome (or group of outcomes) with multi-factor etiology.
Epidemiologic research on workrelated musculoskeletal disorders

Multifactorial etiology
It is well-established that MSDs affect a large proportion of working-age adults in every country where statistics are available [13] . To some, this high "background" rate of occurrence suggests that MSDs must primarily result from factors that are not amenable to prevention, such as age and gender. However, one does not follow logically from the other, as we have previously discussed [51] . While the high prevalence does imply that there are some very common risk factors within the population, it does not rule out that additional, specific risk factors may further increase the risk within certain sub-groups.
In fact, this high background risk reduces the available statistical power for detecting additional causes, making it more difficult to identify them. In other words, it does not invalidate studies which report specific risk factors, such as features of the work environment. On the contrary, these relationships must be rather robust if they can be identified above the background risk.
Some excess risk is attributable to specific "lifestyle" aspects such as obesity, smoking, and possibly serum lipids and chronic low-grade inflammation [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] . (Of note, the types of studies that have been used to identify these risk factors have largely utilized the same study designs (e.g., cohort or case-control) as those used to examine the contribution of factors in the work environment.) The effect of physical activity is mixed, showing a higher risk with either very low or very high levels of exercise. It appears that there is both a benefit of conditioning as well as a risk of over-use injury [58, 61, 63] . The influence of genetic factors on several MSDs is unclear, although it cannot be ruled out that there is are genetic predispositions which increase susceptibility to the effects of mechanical overload [64] [65] [66] .
as more and more risk factors are identified, the need to account for their effects requires ever larger study populations. appropriate choice of statistical methods also requires careful consideration. Options include restriction (e.g., studying only one gender); stratification (separate analysis of data on women and men); and multi-variable analysis (e.g., regression modeling). Randomization is an efficient manner of distributing the risk factors equally between study groups in an intervention study, but it is not available for observational research.
The development of powerful multi-variable regression software has benefited epidemiologic researchers tremendously, but such modeling also has potential drawbacks. a particular challenge arises when independent variables of interest are associated with each other because they lie on a common causal pathway. In this instance, it is inappropriate to treat them as potentially confounding each other, and doing so introduces the risk of over-adjustment.
One example of this problem, which is directly relevant to MSD epidemiology, is the relationship of socioeconomic status (SeS) and occupational exposure. SeS, whether measured as education, income, assets, or blue/white collar job type, is closely related to occupational exposures, especially high physical load and low decision latitude. This association is not coincidental but structural, resulting from the division of labor (physical and mental) and the distribution of decision-making authority within a hierarchical system [67] .
at the same time, SeS often represents other predictors of health, such as financial or geographic access to healthier food or exercise facilities; health literacy and access to information; social prestige and perceived relative deprivation. Nonetheless, to adjust statistically for SeS may dilute the effect estimates for specific occupational exposures, especially if the study population has not been selected or restricted to provide a balanced distribution between SeS level and the exposure(s) of interest. a stratified analysis is preferable both because it illuminates the bivariate distribution and because it avoids over-adjustment. another approach is to examine the extent to which the effect of SeS is explained by occupational exposures, or mediation [68] [69] [70] . unfortunately, stepwise multi-variable regression is used more commonly than these alternatives, but the potential impact on the effect estimates obtained is rarely acknowledged. a similar concern arises with the joint analysis of physical and psychosocial exposures. again, these are associated not by coincidence but because of structural features of work organization. The organization of the work process (who does what, how often, and how) determines both physical loading patterns and psychosocial stressors such as job demands, decision latitude, social support, job insecurity [71] . Thus, if study subjects are not selected with attention to obtaining a relatively balanced distribution of physical and psychosocial exposures, the resulting collinearity of effects cannot be undone by statistical adjustment.
There is an additional problem of overlapping measurement [51, 72] . For example, several studies have associated risk of MSDs with specific "psychosocial" or organizational features that also imply rapid physical motions without rest breaks [73] [74] [75] . The survey items designated for "psychological demands" in the widely used Job Content Questionnaire include working hard and working fast, both of which are understood in physical terms by some workers, especially those whose jobs entail more physical than mental effort [76] .
Discrepancies in research results
Disagreement among scientific studies -that is, difficulty in replicating prior findings -is understood to represent a lack of certainty about the validity of those findings. In experimental science, where conditions are (or should be) carefully controlled, this may be a reasonable interpretation.
However, in epidemiology and other types of field research, where investigators study people in their daily lives without being able to control conditions, discrepant findings may also represent unmeasured differences between study populations. While most modern studies take account of potential confounding with restriction, stratification and/or multivariable analyses, confounding is not the only concern. as discussed above, misleading conclusions may be obtained when independent variables are causally related but treated merely as potential confounders, and the joint distributions of these variables would determine the magnitude of the impact on effect estimates. Differences in how these problems are handled in analysis represent another possible cause of discrepant findings. etiologic studies of occupational risk factors for musculoskeletal disorders differ in many specific methodologic features. There is little standardization of methods for assessment of either the independent or the dependent variables [77] . Differences in results may therefore result from the operational definitions of ergonomic exposure and the case definitions selected by each investigator. each of these, in addition to the length of follow-up observation time, has implications for the frequency of the health condition under study, the actual magnitude of the effect that can be assessed, and the likely measurement error that will be entailed. even less obviously, variation in reported relative risks may arise from different samples of the identical underlying dose-response relationship, which is appears differently because of the segments of that dose-response relationship that are represented in the study population. Study subjects in different occupational or geographical settings often have different exposure distributions. apparent discrepancies in results may be due to variation in population features [51] that are often not even documented, such as:
• The range of exposures available for analysis; • exposure-dependent latency periods; and • Correlations among risk factors in the study jobs/ subjects.
Further, the choice of metrics and the cut-points between categories, such as "low" and "high," have a major effect on the estimated exposure-response comparisons. as previously discussed, the contrast in exposure may in fact be substantially different than it appears from the verbal labels attached to exposure categories [51] . Consider, for example, the specific issue of lack of standardized exposure assessment metrics. as illustrated in Table I , for any given exposure-outcome relationship, a variety of exposure cut-points can be found in the literature. However, this does not mean that these studies disagreed as to the level at which MSD risk is not increased, because each one tested the association for only a single exposure contrast. The question of a "safe" level could only be answered with continuous data that were examined systematically to identify the inflection point at which the outcome probability drops to that of background risk. even the definition of background risk has varied among these studies: some used "no exposure" as the reference level and others used all exposure levels below that designated as "high." as Läubli and colleagues noted many years ago [78] , different choices of reference levels determine the exposure contrast and thus the estimated magnitude of effect.
Last, epidemiologic exposure-response results may be affected by the presence or absence of exposure and contextual factors other than those under study. Consider again the example of studying the risk of low back pain as a function of heavy lifting. If one such study used a population with concurrent vibration exposure, or high psychological time pressure, while another had no other relevant exposures, their findings would differ to the extent that these factors interacted with regard to risk. This would not be confounding, as long as the "extra" exposure did not vary within a study population, but it could be thought of as "hidden effect modification," because it would not observable within a given study. The effect of the additional exposure could be seen only by comparing the results of different studies in which [74] exposure: "all the time" vs "seldom" [107] Heavy load "all the time" vs. "seldom" [107] "Rarely" (< 2 h/day) or more, vs. never [108] > Threshold Limit Value for peak force (conditional on hand activity) [109] exposure: any vs none [94, 102] each one had documented the full exposure profile, beyond the specific risk factor under study.
What type of evidence is necessary to evaluate a cause-effect relationship?
Etiologic versus intervention studies
There is a commonly cited hierarchy in the health sciences for ranking types of research studies, which relies entirely on study design to designate higher quality evidence. This hierarchy is not uniform among all sources but almost always rates the randomized controlled trial, or randomized clinical trial (RCT), at the top, then controlled studies with quasi-or no randomization, and study designs without a control group at the bottom. In fact, the phrase, "evidence-based medicine," has come to represent for some that RCTs are the only valid type of study design and that only RCTs can provide meaningful evidence.
However, it is essential to specify what types of evidence are relevant to different types of research questions. There is a fundamental difference here between etiologic versus intervention research. For intervention studies, involving the comparison of two or more treatments, there is a widespread and understandable preference for randomized controlled trials (RCTs). RCTs developed as a means for evaluating the efficacy of pharmaceutical and clinical treatment of disease, in which issues such as confounding by indication (e.g., selection of sicker patients for more aggressive treatment) pose serious potential threats to validity. Randomization of subjects into treatment and control groups, the key defining feature of RCT's, provides the best protection against selection bias and confounding.
In contrast, etiologic questions about environmental and occupational agents are more typically addressed with observational studies. While RCT's might sometimes provide useful information, they are not the sine qua non. In fact, observational studies which are large, with high contrast in independent variables and good measurement quality, can provide valuable evidence.
In contrast, the RCT is often either not feasible or not ethical to assess the health effects of factors to which people are already being exposed, such as in the environment or in the workplace. On the contrary, the existence of exposed populations offers opportunities to utilize non-experimental methods, and it can be argued that public health scientists have a duty to observe and document the effects of exposures that would be unethical to impose intentionally.
at what point in the accrual of research evidence does it become unethical? For example, even if some scientists or physicians do not think that heavy lifting can affect the soft tissues of the back or shoulder, is there not by now sufficient evidence to prohibit intentional assignment of individuals to heavy lifting jobs in order to study the effect? Fortunately, no one seems to be proposing explicitly that we should be randomly assigning large groups of new workers to different levels and durations of heavy lifting, or of whole-body vibration. However, the lack of such studies seems to be precisely the research gap that some point to as the critical gap in our knowledge.
In the discussion about work-relatedness of musculoskeletal disorders, confusion has arisen in some circles regarding the relevance of intervention research and how important it is for assessing etiology. One example is a recent Swedish review of the causes of upper extremity musculoskeletal disorders [79] , which rejected many relevant observational studies. Similar objections to the lack of intervention research were raised by some during discussion of the u.S. Occupational Safety and Health administration's proposed ergonomics Protection Standard [80] and its scientific justification.
Perhaps some of this confusion arises because there is something of a double standard regarding the nature of the evidence required to justify exposure reduction for ergonomic factors and for other types of occupational exposures. When discussing the health effects of chemical agents or noise or thermal stress, evidence of a dose-response relationship from observational studies is typically considered sufficient to indicate the need to reduce exposures below a certain level. While the value of that numeric threshold level may be the subject of strenuous debate, rarely, if ever, is there a call for experimental studies in which workers are randomized to different exposure levels and then followed for incidence of lung disease or hearing loss. In fact, to do so would be likely considered as unethical as the notorious Tuskegee Syphilis study, in which treatment was withheld from poor black prisoners in the american South for many years in order to document the progression of the disease.
Yet concerning the work-relatedness of musculoskeletal disorders, there seems to be a different standard regarding the need for intervention studies to prove the relationship. Why is this so?
One of the reasons might be that it is often not simple to isolate and reduce a single physical feature of a workplace or job. There are intrinsic correlations among ergonomic factors in the workplace, resulting from their common upstream organizational determinants [81, 82] . This means that intervening on one can change others, in either direction, and in ways that may be context-specific. even when a fundamental job feature, such as forceful manual exertion, is known to be a risk factor, it may be challenging to find a means of reducing those forces in a specific setting which does not increase another exposure, such as task repetitiveness or duration.
However, this is not a question of etiologic evidence, but rather of practice. Difficulty in achieving lower risk in a particular work setting, perhaps with technological or economic constraints, does not represent evidence against the causal relationship that is being intervened upon.
The discipline of occupational ergonomics has developed a new sub-field of "macro-ergonomics," which is concerned precisely with the ways in which an entire system may underpin the job-level experience of the worker and its implications for effective, sustainable solutions [83] . In turn, an increasing number of primary prevention studies reference this perspective explicitly or implicitly, through intervention approaches such as participatory ergonomics.
Public health challenges to RCTs
Interestingly, these developments in ergonomics are one source of challenges to the presumed primacy of the RCT in intervention research. It is increasingly common to attempt to intervene at higher levels such as company policy and work re-organization, not merely changing micro-level problems such workstation height or reach distances [84] . When this is the level of intervention, blinding is infeasible as a study design feature, because workers and managers are fully aware of and even deeply involved in such organizational changes.
another obstacle to the RCT paradigm is that, for group-level interventions, control groups are (still) desirable. However, individual randomization of study subjects is not applicable. It is not always easy to identify multiple similar workplaces, in order to construct a control group, and even when this is done it can be difficult to ensure baseline comparability of the sites.
Further, while quantitative outcomes are obviously the key dependent variable(s), higher-level interventions also warrant qualitative process evaluation in order to understand the contextual factors that may influence uptake, fidelity of implementation, and other metrics of intervention "dose" to the participants. an intention-to-treat analysis, as prescribed by the RCT design, is not suited to examining questions such as for which subgroups of the population an intervention was effective, or by what processes different community members were engaged.
These methodologic challenges do not mean that studies of participatory or system-level changes are not worthwhile. On the contrary, there are substantive reasons to hypothesize that participatory processes are effective [85, 86] , so meaningful evaluations of such trials are important.
at the same time, there has been an increasing debate in the public health literature about the value of RCTs and concern about whether this is overstated, at least in specific situations. RCTs are not immune to methodological weaknesses [87] . With regard to MSD prevention, one important issue is that macro-level interventions, whether in the workplace or the community, do not permit individual randomization or blinding, as noted above. In contrast to simple comparisons of one medication to another, RCTs have limited capacity to assess multidimensional interventions or policy changes such as legislation that may affect an entire workforce simultaneously [88] . Further, there may be low statistical power when the observations are worksites or other groups, even when this is the logical unit of analysis.
RCTs also cannot be used to evaluate process, quality, or performance, all of which are essential to generalizability of results [89] . Their key features of blinding and randomization make RCTs incompatible with community trust, choice, and participation needed for successful program design and evaluation. Simmons et al. [90] pointed out that while "RCTs are rightly regarded as the gold standard for evaluating efficacy, . . . their utility for addressing questions in public health intervention research is not universally or uncritically accepted." In contrast, public health interventions may entail multiple steps from the researchers' actions to the outcome of interest, and many intervening factors may influence the results.
One danger of the emphasis on RCTs is that the preference for "rigorous" evaluations of interventions may favor individual-level interventions over worksite or societal changes. Lipscomb and co-workers noted that it is important to recognize "the contribution of diverse observational methodologies in intervention evaluation" [88] . Thus, what constitutes evidence for public health should be reconsidered [91] , seeking a balance between methodologic rigor and deeper understanding of higher-level change processes and impacts.
In fact, none other than the famous Sir austin Bradford Hill wrote [92] that a broad pattern of evidence is needed to understand a phenomenon:
What I do not believe . . . is that we can usefully lay down some hard-and-fast rules of evidence that must be obeyed before we accept cause and effect.
When do we know enough to take action to protect the public's health? The standard for "sufficient evidence" for preventive action should depend on the context, such as whether safer alternatives exist or require technological development. We must weigh the risks of acting when there is no hazard, versus not acting on a true hazard. The laudable desire for good evidence to justify public health interventions must be balanced against the necessity of acting to prevent illness and injury, often in the face of substantial uncertainties. This need, embodied in the "Precautionary Principle," is a natural fit with the field of public health:
When an activity raises threats of harm to the environment or human health, precautionary measures should be taken even if some cause and effect relationships are not fully established scientifically. [1] This literature demonstrates that there is a need for a new conceptualization of evidence-based public health. Many public health decisions must be made in the face of considerable uncertainty; demanding inappropriate forms of evidence can be used to support unethical delays in action. Common sense and plausibility should not be discounted.
Public health evidence is drawn from the widest array of research methods, including qualitative approaches. at present we lack consensus about what kinds of evidence and what decision rules are appropriate for many public health problems. In order to ensure high-quality information, we need to develop "more sophisticated, multi-dimensional, community-based designs" [93] . We should nest quantitative risk estimates within qualitative descriptions of the populations under study and be aware of the limits to generalizability of many studies.
These methodologic arguments have tremendous implications for the question of whether or not some MSDs are work-related. On the one hand, the laboratory and epidemiologic evidence concerning the effects of excessive physical workload are convincing to most scientists. That evidence is not disproven by greater inconsistency among workplace intervention studiesalthough these do highlight the challenges of improving worker health within the context of economic organizations with constraints on the scope of institutional change that will be permitted. On the other hand, the types of interventions that are increasingly seen as necessary often cannot be studied with the classic "gold standard" of study design, the randomized controlled trial. excessive valuation of the RCT may obscure other valuable evidence that accrues from other types of studies. The "pattern of evidence" approach taken by the National Research Council [46] remains a valuable model with high face validity. In summary, while MSDs are widespread in the general population, a concern for the costs of preventing or compensating some of these cases should not be allowed to obscure the weight of the evidence implicating excessive physical workload in their etiology.
